The nature of bandedge electronic structure represents a theoretically interesting and technologically important question in arsenic-doped narrow-gap HgCdTe. In this study, temperature-dependent ͑11-290 K͒ photoreflectance ͑PR͒ measurements were carried out in midinfrared spectral region on three as-grown arsenic ͑As͒-doped narrow-gap Hg 1−x Cd x Te ͑x = 0.317, 0.287, and 0.310, respectively͒ samples prepared by molecularbeam epitaxy. Low-energy photomodulated Fabry-Pérot interference ͑FPI͒ and high-energy Franz-Keldysh oscillation ͑FKO͒ were analyzed and bandedge PR features were discriminated. Curve fittings of the bandedge PR features were performed, band-gap and below-gap PR processes were identified, and critical energies were determined. While no obvious FPI and FKO could be identified for the sample with a doping level of about 10 18 cm −3 , they were strong for the doping levels of about 10 16 -10 17 cm −3 , and got enhanced with temperature. Detailed analyses indicated that the below-gap PR features are linked to donor-acceptor, conduction-bandacceptor, and donor-valence-band transitions. The average energy levels of the donor and acceptor states were evaluated to be about 17Ϯ 1 meV and 27Ϯ 3 meV below conduction-band minimum, and 14Ϯ 1 meV above valence-band maximum at 77 K, and the origins were assigned to As Hg , Te Hg , and V Hg , respectively. The effect of possible deep-level impurities were also discussed, and a value of about 69 meV above the valence-band maximum was assumed preliminarily for the second level of V Hg acceptor ͑V Hg II ͒ and 42 meV below the conduction-band minimum for As tetramer ͓͑As Hg -As i ͒ dimmer ͔ 3 . The evolution of PR critical energies with temperature was compared with an empirical formula for HgCdTe band-gap energy, and the implication of "effective band gap" was evidenced for the empirical formula. Finally, a schematic diagram was drawn for the bandedge electronic structure of the as-grown As-doped narrow-gap HgCdTe epilayers.
I. INTRODUCTION
Hg 1−x Cd x Te as a distinct narrow-gap semiconductor has attracted wide range of research interests in the last decades. [1] [2] [3] [4] [5] [6] It is the material system of choice for high performance infrared detector arrays. 7 Meanwhile, it is also a good candidate for fundamental physics study. [8] [9] [10] [11] By changing the composition x, the band-gap energy can cover a wide spectral range from near to far infrared. It is well known that the composition and temperature dependence of the bandgap energy can be represented by, e.g., Hansen et al.'s empirical formula, where E g ͑x , T͒ is the band-gap energy, x is the Cd composition, and T is the sample's temperature. While the formula provides a rather fine approximation for material and device application, the physical meaning behind is less clear. Chu et al. suggested that the formula represents in the temperature range of 77-300 K the cutoff energy of photoconductive or photovoltaic response curves. 12 The questions are therefore straightforward: what is the difference between the band-gap and cutoff energies and how is the cutoff energy affected by the factors other than the band gap? Recently, p-type doping and impurity levels in the Hg 1−x Cd x Te grown by molecular-beam epitaxy ͑MBE͒ technique have been a hot topic of consideration. Numerous exertions have been conducted from both the theoretical 2, 13, 14 and experimental 4, [15] [16] [17] aspects. Theoretically, for example, ab initio calculations were carried out for the quantitative prediction of native point defect densities, 2 and densityfunctional theory was employed for analyzing the structural and electronic properties of arsenic ͑As͒ in HgCdTe. 13, 14 The energy level of As as a single donor ͑As Hg ͒ was suggested to be about 9 meV below the conduction-band minimum in Hg 0.5 Cd 0.5 Te. 14 Experimentally, the dependence of the Hall coefficient on temperature suggested that the ionization energy related to As as an acceptor ͑As Te ͒ is less than 10 meV while the energy for mercury vacancy ͑V Hg ͒ is about 85 meV for MBE-grown Hg 0.72 Cd 0. 28 Te layers. 15 Meanwhile, a temperature-dependent absorption study indicated that the energy level of V Hg as an acceptor is about 9-12 meV above the valence-band maximum of HgCdTe. 18 This value was recently proved to be reasonable by an optical study of HgCdTe photodiode structures. 19 The problems remain, however, that there were obvious contradictions in the reported values of the impurity levels, and the second level of V Hg was not experimentally observed even though mercury vacancy was theoretically predicted to be a double-level acceptor. 2 Photoreflectance ͑PR͒ as a powerful modulation spectroscopy has been widely employed in characterizing semiconductor electronic band structures in the short-wavelength ͑Շ4 m͒ spectral region. [20] [21] [22] [23] [24] [25] [26] Its derivative nature suppresses uninteresting background effects and emphasizes structures located in the energy range of interband transitions and other weak features that may not be detected in conventional optical reflectance spectra. 27, 28 Recently, a step-scan Fourier transform infrared ͑FTIR͒ spectrometer-based PR technique was developed, 29, 30 which warranted the application in the midinfrared, 31, 32 and manifested the feasibility in the far infrared 33 of up to 20 m. Preliminary results indicated that the bandedge PR line shape is relevant to shallow impurities and evolves with temperature in narrow-gap HgCdTe. By analyzing the temperature dependence of the PR line shape, near-bandedge processes were resolvable and the positions of shallow impurity levels were inferable. 32 To quantitatively clarify the near bandedge electronic structure and shallow levels, however, any oscillatory behavior has to be first discriminated from the real bandedge related PR features.
In this work, temperature-dependent ͑11-290 K͒ PR study is performed on three as-grown As-doped narrow-gap Hg 1−x Cd x Te ͑x = 0.317, 0.287, and 0.310͒ epilayer samples by the step-scan FTIR spectrometer-based PR technique. 29 The evolution of PR features with temperature are evidenced near the band gap with aid of Fabry-Pérot interference ͑FPI͒ and Franz-Keldysh oscillation ͑FKO͒ analyses. The mechanisms of particular PR features are discussed, and the average energy levels of the impurities As Hg , Te Hg , and V Hg are estimated to be about 17Ϯ 1 meV and 27Ϯ 3 meV below the conduction-band minimum and 14Ϯ 1 meV above the valence-band maximum, respectively. A schematic diagram is suggested for the band gap and the near band-gap shallow impurity levels in as-grown As-doped narrow-gap HgCdTe.
Comparison of the temperature-dependent energies of the PR features is made with Hansen et al.'s empirical formula and the physical implication of the "effective" band-gap energy is clarified for the empirical formula.
The paper is organized as follows. In Sec. II, brief introduction is made on the experimental details of sample preparation and PR measurement, as well as on the theoretical background about PR line-shape, FPI, and FKO analyses. In Sec. III, after the discrimination of bandedge PR features from the FPI and FKO in Sec. III A, line-shape analyses of the bandedge-related PR features are carried out and the evolution of critical point energy with temperature is clarified in Sec. III B, on which impurity levels are estimated, bandedge electronic structure is schematically drawn, and the nature of "effective" band-gap energy is suggested for Hansen et al.'s empirical formula. Finally in Sec. IV, a summary is made.
II. EXPERIMENT
Three as-grown As-doped Hg 1−x Cd x Te samples were used in this study, which were grown in a Riber 32P MBE system on undoped semi-insulating GaAs ͑211͒B substrate at a temperature around 183°C.
34 A 3-m-thick CdTe buffer layer was grown prior to HgCdTe nucleation. A pure As source was employed for the doping. The Cd composition x was determined by taking the energy corresponding to the 500 cm −1 absorption-coefficient point on transmission spectrum as the band-gap energy and compared to the empirical formula Eq. ͑1͒. The samples were p type at 77 K due to high density of V Hg . At room temperature, however, the samples were n type due to the thermal excitation and As atoms resided predominantly on cation side ͑As Hg ͒ as donors. 35, 36 The samples are denoted by as-1, as-2, and as-3, respectively, their parameters are summarized in Table I for composition, thickness, doping level, and carrier density and mobility.
The step-scan FTIR spectrometer-based PR technique is used in this study, 30 which enhances spectral resolution and signal-to-noise ratio significantly even in the mid-and farinfrared spectral regions, reduces time consumption, and may hence warrant a systematic temperature-dependent measurement. A step-scan FTIR spectrometer ͑Bruker IFS 66 v/S͒ is configured with KBr beamsplitter and liquid-nitrogen cooled photovoltaic HgCdTe detector for a sensitive spectral range of about 0.11-0.6 eV. A Globar wideband source is used for probing light and an Ar + laser ͑Spectra-Physics BeamLok 2065͒ set to the 514.5 nm line is employed for pumping light. The samples are mounted on the cold finger of a cycling cryodrive to keep at a particular temperature in the range of 11-290 K. For comparison, conventional reflectance spectra are recorded at about room temperature with an identical angle of reflection. 
where k is the total number of PR features, A i and i are the amplitude and phase of the ith PR feature, and ⌫ i are the energy and broadening parameter of the particular transition, m = 2.5 for a three-dimensional critical point. 20 Based on such a fitting procedure, the critical energy of each PR feature, E i , can be derived.
When an intermediate electric field occurs in the material, FKO may emerge. The oscillatory behavior at E Ͼ E g can be described by an electro-optic function, whose extreme are represented by
where
, l is the extreme index, = ͑m −1͒ / 4 with m is dimensionality of the critical point and takes a value of 2.5 in this case, E l is the energy of the lth oscillation extreme, F is the electric field, and ʈ is the reduced interband effective mass in the direction of the electric field F. A plot of E l versus ͓͑3 / 4͒͑l −3/ 8͔͒ 2/3 is therefore a straight line, with its slope to be proportional to F and interception to be E g . 39, 40 Oscillatory behavior of the line shape was also observed in the PR spectra at E Ͻ E g of GaAs, 41 of which the modulation of the refractive index in heavily doped samples was assumed as a main reason. The possible mechanism of either ͑i͒ band filling of impurity states or ͑ii͒ electric field or FK effect was, however, not yet clear. 41 By measuring the wavelengths of two adjacent minima in a conventional reflectance spectrum just below the band gap, it is deducible that 42 2nͩ d cos
where is the angle of reflection in the layer, n is the refractive index, and d is the thickness of the layer. Though it is valid only if n is independent of over the range, it can provide a qualitative understanding of the FPI pattern in conventional reflectance measurement.
III. RESULTS AND DISCUSSION

A. Discrimination of bandedge PR features from oscillations
Typical PR spectra are illustrated in Fig. 1 for the three Hg 1−x Cd x Te samples at 77 and 200 K, respectively. PR features with dominant intensity are clearly seen in the energy region of about 0.23 eV at 77 K and 0.28 eV at 200 K. They differ from sample to sample with different composition and doping level, and evolve in line shape and move to higher energy as temperature rises. The central energy of the dominant PR features is very close to that predicted by Eq. ͑1͒ for the band-gap energy of Hg 1−x Cd x Te. The bandedge related nature of these dominant PR features is also approved by comparing them to corresponding PL spectra taken at nominally identical temperatures. 32 Moreover, several weaker PR features can be identified in the energy range below the dominant PR features, especially for the as-2 and as-3 samples and at 200 K. Due to the nature of high concentration impurities of the samples, deep-level impurity and below band-gap interference effect 41 are both the possible origins.
It is therefore necessary to first distinguish the impurityand band-related PR features from any FKO above the band gap or back-surface reflectance effect 43 below the band gap, before the investigation of impurity levels and bandedge electronic structures. On one hand, any "fake" levels can be avoided so as to establish a reliable picture of bandedge electronic structure, and on the other hand, the "real" energy levels can be traced out correctly and determined quantitatively so as to obtain accurate information about the band gap and impurities. Figure 2 shows a series of infrared PR spectra recorded at different temperatures in the range of 11-290 K for the as-1 Hg 0.683 Cd 0.317 Te sample. Generally, the PR line shape is rather complex, especially at high temperatures. While only a set of broad and relatively strong PR features is clearly seen at extremely low temperatures, which will be noted as "main PR features" hereafter, two sets of distinct features on the low-and high-energy sides of the main PR features can be identified at high temperatures.
The main PR features evolve with temperature in two manners: ͑i͒ the intensity is dominated in turn by low-energy PR feature͑s͒ at low temperature and by high-energy one͑s͒ as temperature rises, and ͑ii͒ each of the individual main PR features moves to higher energy with temperature in a similar trend as the HgCdTe band-gap energy. Such phenomena have been recently shown to be due to photomodulation of impurity-band and band-band reflectance, their intensities correlate to the joint concentration of the involved energetic states. 32 The low-energy set, which is denoted by "interference ?" in Fig. 2 , shows up already at moderate temperature with periodic oscillatory extrema, and gets more obvious as temperature rises. The energetic positions of the extrema, however, do not change obviously as indicated by the vertical dashed dots in Fig. 2 . When temperature rises up to near room temperature, the high-energy set of PR features marked by "FKO?" emerges and manifests obvious oscillatory behavior. The corresponding extrema seem to be unchanged in energy with temperature. It is worthy to emphasize that the temperature-dependent behavior of the low-and high-energy sets are in clear contrast to the main PR features.
The high-energy set of oscillatory PR features is ascribed to FKO based on the following matters of facts. First, as depicted in Fig. 3 , the extreme energy E l as a function of ͓͑3 / 4͒͑l −3/ 8͔͒ 2/3 can be least-square fitted by a straight line quite well. The slope is ͑9.0Ϯ 0.5͒ ϫ 10 −3 , ͑10.0Ϯ 0.3͒ ϫ 10 −3 , and ͑9.9Ϯ 0.3͒ ϫ 10 −3 eV, and the interception E g is 0.292Ϯ 0.001, 0.294Ϯ 0.001, and 0.295Ϯ 0.001 eV for the temperatures of 200, 250, and 290 K, respectively. This is a direct evidence for the nature of FKO. An electric field F of about 4.4-5.0 kV/cm is deduced and an equivalent surface charge density of ϳ10 10 cm −2 is estimated, with an assumption of reduced interband effective mass ʈ Ӎ 0.01m 0 . Second, although the sample is p type at 77 K, it evolves to n type as temperature exceeds about 180 K and hence there are free carriers with higher mobility. Lastly, the extreme energies depicted in Fig. 3 do not change with temperature obviously, in clear contrast to the temperature dependence of the band-gap energy described by Eq. ͑1͒. Meanwhile, the extreme energies are higher than the band-gap energy suggested by Eq. ͑1͒ even at 290 K and for the lowest extreme index. It will be illustrated shortly afterwards in Fig. 10 that the empirical formula provides a reasonable description of the band-gap energy at about room temperature in a similar case for the as-2 sample. This excludes the possibility of assuming any of the high-energy oscillatory PR features to be corresponding directly to the band gap.
To identify the origin of the low-energy oscillatory features, conventional reflectance measurement is performed at room temperature in a similar configuration of optics with a nominally identical angle of reflection. The spectrum is plotted in Fig. 4 , together with the PR spectrum recorded at 290 K.
Two distinct features are obvious that ͑i͒ the maxima of the oscillations in the PR spectrum correspond exactly to the oscillatory minima in the conventional reflectance spectrum as indicated by the dashed dots in Fig. 4 , and ͑ii͒ the energy separation between two adjacent maxima is about 20 meV, which corresponds closely to the FPI caused by the top-and bottom-surface/interface of the Hg 0.683 Cd 0.317 Te layer. These indicate that the low-energy oscillations in the PR spectra are due to a particular type of FPI introduced by the reflection at the top air/HgCdTe interface and the photomodulated reflection at the bottom HgCdTe/CdTe interface. The mechanism behind may be as follows. On one hand, because of the photomodulation of refractive index of HgCdTe, the interference changes with the same frequency as the pumping laser being chopped and hence can be traced out together with the main PR features near the band gap. On the other hand, as the photomodulation of refractive index ⌬n is related to modulated reflectance ⌬R, 
the change to the refractive index n is very small ͑Շ10 −3 ͒, and hence the periodic behavior of the oscillations in the PR spectrum is very close to that in the conventional reflectance spectrum. Figure 5 depicts a series of infrared PR spectra for the as-2 sample at different temperatures in the range of 11-290 K, giving special attention to the low-and high-energy sides of the main PR features marked by vertical dashed dots. In a previous study, 32 the evolution of the main PR features with temperature was well identified for this sample, and the bandedge related nature was clarified. Falling short of certain judgment on the low-and high-energy PR features, however, neither proper curve fitting of the whole PR spectrum nor quantitative analysis of critical point energies of the lowenergy features could be made at that time. 32 It is clearly seen in Fig. 5 that while the main PR features evolve with temperature in a similar manner as those of the as-1 sample, the situation is rather different in two aspects. First, no obvious FKO can be assumed even at about room temperature on the high-energy side of the main PR features, in contrast to the as-1 sample. Second, although the weak PR features marked by "?" are detectable on the low-energy side of the main PR features even at low temperature and gain their intensity as temperature rises, their maxima show clear blue shift with temperature, which is again in obvious contrast to the as-1 sample.
To check further if the low-energy weak PR features are, as those of the as-1 sample, due to photomodulated FPI, similar comparison is made between the PR spectrum at 290 K and a conventional reflectance spectrum at room temperature. The result is illustrated in Fig. 6 , in which the vertical dashed dots mark the energetic positions of the FPI minima of the conventional reflectance spectrum. Not as the as-1 sample, here the minima of the conventional reflectance do correspond to neither the maxima nor the minima of the low-energy weak PR features. Furthermore, the average energy separation between two adjacent maxima of the lowenergy PR features is about 23 meV, which deviates from the average value of about 21 meV between two adjacent minima of the conventional reflectance. As indicated by Eq. ͑5͒, photomodulated refractive index ⌬n is very small. It is therefore conclusive that the low-energy PR features are unlikely to be FPI, but may be introduced by deep-level related process.
It was known that 38 FKO was easily observed in III-V semiconductor samples with a doping level of about 10 16 cm −3 . Higher doping level increases the concentration of dopant impurity and introduces more defects, which will reduce carrier mobility and may depress the FKO strength. As listed in Table I, ϫ 10 15 cm −3 and a mobility of −5050 at room temperature. Meanwhile, the as-2 sample has a doping level of 6 ϫ 10 18 cm −3 , and an electron density of 2.9ϫ 10 15 cm −3 at room temperature, its carrier mobility at room temperature, however, is obviously lower than that of the as-1 sample. These depress the FKO, and provide a good chance for the doping related impurities being evidenced in PR spectra.
Such a doping-level effect can be verified by similar analysis of the as-3 sample with a intermediate doping level of 3 ϫ 10 17 cm −3 . In Fig. 7 , a series of infrared PR spectra is depicted for the sample at different temperatures in the range of 11-290 K. The main PR feature dominating the PR spectra at low temperatures manifests blue shift as temperature rises, its line shape evolves in the similar manner as the as-1 and as-2 samples behave. The low-energy PR features, on the other hand, get enhanced with temperature while the maxima do not shift as marked by vertical dashed dots in Fig. 7 , which is very similar to the as-1 sample. It is distinct, however, that new maxima of a1-a4 emerge in the low-energy region marked by "?" soon as temperature rises up to 150 K, and get stronger as temperature goes up further. In the meantime, new PR features denoted by "FKO?" show up as the FKO of the as-1 sample in the high-energy region.
To root out the possible origin of the low-energy PR features, a comparison of conventional reflectance spectrum with PR spectrum at a nominally identical temperature of 290 K is invoked, as illustrated in Fig. 8 . It is obvious that the maxima of the PR spectrum are energetically coincident with the minima of the conventional reflectance spectrum as marked by vertical dashed dots, except for the additional a1-a4 PR features emerging at about 0.164, 0.193, 0.210, and 0.239 eV, respectively, for the temperatures not lower than 150 K. This leads to a conclusion that the low-energy PR features already detectable at low temperature are due mainly to FPI. Meanwhile, the additional a1-a4 PR features may be ascribed preliminarily to be impurity-level related by taking into account the evolution of deep-level related PR features observed for the as-2 sample. Further evidence will be established by energy analysis in Sec. III B.
Analysis of the high-energy PR features in a similar manner as for the as-1 sample suggests the FKO nature, with an electric field of about 3.3 kV/cm and band-gap energy of about 0.274 eV at 290 K. It is worthy to emphasize that the scale down of the field relative to that of the as-1 sample at a nominally identical temperature is in good agreement with the relation of electron densities for the two samples at room temperature, and can therefore be taken as a support for the FKO ascription.
As a short summary, FPI and FKO coexist on the both sides of the main PR features in the as-1 and as-3 samples with relatively low doping levels of about 4 ϫ 10 16 cm −3 and 3 ϫ 10 17 cm −3 , respectively. The FPI is so strong that no deep-level related PR feature can be assumed reliably in the spectral range where the FPI shows up, especially at low temperatures. The situation is rather different for the as-2 sample with a considerably high doping level of about 6 ϫ 10 18 cm −3 that neither FPI nor FKO is significant relative to the corresponding main PR features. Meanwhile, high doping level makes deep-level related PR features to be detectable, and hence may serve as a pathway for optical characterization of deep-level impurities/defects. It is noteworthy that the FPI referenced here is very likely the back-surface reflectance effect previously observed in III-V semiconductors. 43 The mechanism behind may be the photomodulation of refractive index.
B. Impurity levels and bandedge electronic structure in as-grown arsenic-doped HgCdTe
Having discriminated the bandedge related PR features from FPI and FKO for the as-1 and as-3 samples, and confirmed the PR features of the as-2 sample to be related solely to the bandedge electronic structure, it is right time to carry out line shape analyses so as to clarify impurity levels and bandedge electronic structure in as-grown As-doped HgCdTe epilayers. Figure 9 illustrates the PR spectra in dots for the as-2 sample at several representative temperatures. Curve fitting procedures are performed based on Eq. ͑2͒, and the results are directly overlaid as solid lines on the experimental spectra. The critical points determined are marked by vertical arrows and the labels. It is worthy to emphasize here that not only the main PR features of B1, B2, and B3, but also the low-energy features of D1, D2, and DA are well reproduced by the curve fittings, owing to the certain judgment of the impurity-related nature of the low-energy PR features. This is in obvious contrast to the previous study, 32 where only the intensity evolution of the main PR features with temperature were clarified because the PR spectrum as a whole could not be fitted reliably without necessary information on the lowenergy PR features.
The main PR features B1, B2, and B3 show clear evolution of intensity with temperature, in the same manner as already clarified in the previous study. 32 Due to the fact that the DA feature is rather weak and the D1 and D2 features are well separated, fitting the main PR features alone or as a part of the whole PR spectrum does not produce obvious difference to the intensities and critical energies of the B1-B3 features. Therefore, the results of the previous theoretical simulation keep valid that B1 originates from photomodulation-induced screening of donor-acceptor pairs, and B2 is due to photomodulation of built-in electric field, which causes acceptor-conduction-band and valence-banddonor reflectance to be modulated, similar to the B3 bandband process. The related donor and acceptor levels were deduced as ϳ18 meV below the conduction band and ϳ14 meV above the valence band. 32 For the low-energy weak PR features D1, D2, and DA, on the other hand, the intensity evolution is not so obvious. The general trend is a very slight enhancement of intensity with temperature for the D1 and D2 features. This may hint a deep-level nature of the impurity levels related to the D1 and D2 PR features.
The critical point energies determined by the line shape fittings of the whole PR features are depicted against temperature in Fig. 10 for the as-2 sample. Least-square fitting is made for the temperature-dependent energy of each PR feature, and is overlaid as a solid line directly on the experimental data. For a direct comparison, a calculation of the bandgap energy as a function of temperature is made using Eq. ͑1͒, and the result is depicted in Fig. 10 as dashes.
Clearly, the energies of the main PR features B3, B2, and B1 manifest strong temperature dependence. From the plot, the energetic separation between the B3 and B2 PR features is estimated to be about 16 meV, and that between the B3 and B1 features is about 32 meV. These two values are exactly the average and the summation of 18 and 14 meV, respectively, and are consistent with the aforementioned values deduced from the theoretical simulation of the intensity evolution. 32 It therefore provides a solid support for the discussion of the mechanisms of the main PR features. Meanwhile, the temperature dependence of the transition energy is rather weak for the DA feature. As a result, the separation between the B3 and DA features increases with temperature. It takes a value of about 40 meV at 77 K, and a rather big value of about 47 meV when temperature rises to 150 K. The energies of D1 and D2 do not show obvious dependence on temperature, manifesting the characteristic of deep levels. At Similar curve fitting procedures are also performed on the main PR features of the as-1 and as-3 samples in a temperature range of up to 150 K, as illustrated in Fig. 11͑a͒ and  11͑b͒ , respectively. The experimental PR spectra are plotted in dots, and the fitted curves of the main PR features are directly overlaid as solid lines. The critical points are marked by vertical arrows, and are ascribed to DA, B1, B2, and B3, respectively, based on the evolution of the PR line shape in a wide temperature range of 11-290 K. It is clear that the main PR feature's energy and intensity evolve with temperature in a similar manner as the as-2 sample. Due to the obvious FKO, however, the analyses at higher temperatures are hold back. Meanwhile, the analyses of weak D1 and D2 PR features for the as-1 sample and D1, D2 and DA for the as-3 samples are impossible because of the strong FPI even at low temperatures.
The critical point energies determined by the line shape fittings are depicted against temperature in Fig. 12 . Leastsquare fitting is made for the temperature-dependent energy of each PR features, and is overlaid as solid line directly on the data points. From Fig. 12͑a͒ , the energetic separations between the B3 and B2, B3 and B1, and B3 and DA are estimated to be about 17, 33, and 46 meV, respectively, for the as-1 sample at 77 K. For the as-3 sample at 77 K as indicated in Fig. 12͑b͒ , the energetic separations between the B3 and B2, and B3 and B1 are about 15 and 28 meV, respectively. These values are very close to those of the as-2 sample, indicating the same characteristic of the main PR features. It is worthy to indicate that the band-gap energy at 150 K is as suggested in Fig. 12 about 0.282 and 0.268 eV for the as-1 and as-3 samples, respectively. According to the temperature dependence of the B3 energy for the as-2 sample as illustrated in Fig. 10 , the band-gap energy can be estimated to be 0.287, 0.291, and 0.292 eV for the as-1 sample at 200, 250, and 290 K, and 0.278 eV for the as-3 sample at 290 K, respectively. These values are in good agreement with those determined by the aforementioned FKO analyses, and can hence serve as solid evidence for the assignment of band-band nature to the B3 PR feature, as well as for the ascription of FKO to the oscillatory behavior in the energy range above the main PR features. Meanwhile, the B3 energy of the as-3 sample at 77 K is about 0.252 eV. As aforementioned, the additional PR features a1-a4 emerge in the lowenergy side of the main PR features at high temperatures at about 0.164, 0.193, 0.210, and 0.239 eV, the separations between the B3 and a1-a4 are correspondingly 88, 59, 42, and 13 meV. These values are very close to those of the as-2 sample between the B3 and D1, B3 and D2, B3 and DA, and B3 and B1 at 77 K, respectively. It is therefore conclusive that the a1-a3 additional PR features identified for the as-3 sample at high temperatures are impurity-level related, and have the same origin as the D1, D2, and DA of the as-2 sample.
To determine to which impurity levels the individual PR features being related, the following matters of facts must be taken into account. First, the samples are p type at 77 K with relatively low carrier mobility of an order of 10 2 , and become n type at room temperature with the mobility being enhanced by a factor of about 10. Second, it was predicted by first-principles calculations that the tellurium antisite ͑Te Hg ͒, besides the double acceptor V Hg , is an important native point defect, and may be a donor located energetically about 25 meV below the conduction-band minimum for Hg 0.8 Cd 0.2 Te. 2 It is believed to be the defect responsible for the n-type carrier concentrations in as-grown HgCdTe prepared by MBE technique. A recent demonstration of farinfrared PR measurement indicated that the PR features can be well clarified for a p-type annealed As-doped Hg 0.77 Cd 0. 23 Te if a shallow level of 26.4Ϯ 0.5 meV below the conduction band is assumed for Te Hg . 33 Furthermore, as suggested by ab initio calculations for the in situ As-doped HgCdTe, the arsenic atoms reside predominantly on the cation sublattice ͑As Hg ͒ at 185°C under tellurium-saturated conditions during MBE growth, and a large fraction of them are bound to cation vacancies forming As Hg -V Hg complex. 13 It is hence reasonable to ascertain that the B3 feature is originated in conduction-band-valence-band process, while the B2 feature is contributed by conduction band-V Hg and As Hg -valence band joint concentrations, and the B1 is due to As Hg -V Hg complex at extremely low temperatures and As Hg donor-V Hg acceptor joint concentration at higher temperatures. The energy levels of As Hg and V Hg are approximately 17Ϯ 1 meV below the conduction-band minimum and 14Ϯ 1 meV above the valence-band maximum, respectively, and the As Hg -V Hg complex has a small binding energy of about 1.2 meV for the as-2 sample at extremely low temperatures. 32 The DA feature may be related to Te Hg donor-V Hg acceptor joint concentration and Te Hg level locates at about 27Ϯ 3 meV below the conduction-band minimum.
With these energy levels, information can be drawn from the evolution of the main PR features with temperature that ͑i͒ a rather big fraction of the As is bounded to V Hg and forms As Hg -V Hg complex at low temperature, ͑ii͒ the concentration of the isolated V Hg is similar to or even slightly higher than that of the isolated As Hg . These are in good agreement with a theoretical prediction of impurity and defect concentration for Hg 0.7 Cd 0.3 Te equilibrated at 175°C under tellurium-saturated conditions, 44 and the energy for V Hg acceptor level is very close to that derived from temperature-dependent absorption study of undoped HgCdTe. 18 The average energy separation is about 86 meV between the B3 and D1 ͑a1͒ features at 77 K, which is nearly the same as that suggested for V Hg acceptor level, 85 meV, by Hall measurement. 15 As both the D2 ͑a2͒ and D1 ͑a1͒ features are observed only in the samples with relatively high As-doping levels, the intensity evolution of the D2 feature with temperature is similar to that of the B1 feature, and V Hg is known to be a double-level acceptor, we may suppose that ͑i͒ the D1 feature is related to the As Hg donor and the second acceptor level of V Hg ͑V Hg II ͒, and hence the V Hg II level is about 69 meV above the valence-band maximum at 77 K, while ͑ii͒ the D2 feature is introduced by high concentration As dopant, which results in considerable concentration of complex defects of ͓͑As Hg -As i ͒ dimmer ͔ 3 -V Hg . 45 The bandedge electronic structure can therefore be drawn as schematically shown in Fig. 13 , together with the corresponding impurity-level energies for as-grown As-doped HgCdTe layers prepared by MBE technique. It is noteworthy that while the impurity levels are rather certain for As Hg , Te Hg , and V Hg , the value of 69 meV for V Hg II needs to be treated with care as it is at the moment a preliminary assumption, and a value of 39 meV may be also possible if it in fact relates to the D2 feature. The level indicated by question mark is likely due to As tetramer of ͓͑As Hg -As i ͒ dimmer ͔ 3 , the value of which is 42 meV when it relates to the D2 feature, or 72 meV if it actually leads to the D1 feature.
With the aid of the assignment of the main PR features, it is now possible to make a brief discussion of the physical meaning of the empirical formula established by Hansen et al., which has been widely used as a good approximation of cutoff energy for Hg 1−x Cd x Te material's optoelectronic response. As illustrated in Fig. 10͑a͒ , the empirical formula roughly represents at different temperature the energy of the transition, of which the intensity/possibility is in general the strongest one at that temperature. Only at about room temperature is it close to the real band-gap energy of the material. Previously, it was shown that the main PR peak is energetically coincident to the cutoff of photocurrent spectrum quite well at 77 K. 31 It is therefore clear that the energy by Hansen et al.'s formula predicts an "equivalent" band gap, which is not only determined by the real band gap but also affected by the shallow impurities, and is slightly higher than but very close to the energy separation between the shallow donor and shallow acceptor levels in a temperature range of about 77 K where HgCdTe materials and devices are commonly applied. From optoelectronic response point of view, this means that the photoelectronic transition does not corresponds to band-to-band process at most of the temperature conditions particularly at 77 K. In contrast, the processes of shallow donor-shallow acceptor and shallow impurity-band in HgCdTe may play a key role. It may hence provide a new perspective for the control of the cutoff energy of materials and devices, and a further support for the reliability of using PR as a noncontact experimental alternative in predicting the cutoff energy of narrow-gap HgCdTe.
31
IV. SUMMARY
To summarize, temperature-dependent infrared PR study is carried out systematically on as-grown narrow-gap HgCdTe epilayers with different As-doping levels prepared by molecular-beam epitaxy, by using a step-scan FTIR spectrometer-based PR technique. Direct PR evidences as well as their evolution with temperature are observed for the band-gap, below-band-gap, and above-band-gap processes. Analyses indicate that for the as-grown As-doped samples with doping levels of about 4 ϫ 10 16 cm −3 and 3 ϫ 10 17 cm −3 , both the photomodulation-induced FPI effect and the FKO effect are significant on the low-and highenergy sides of the main PR features, respectively. For the sample with a significantly higher doping level of 6 ϫ 10 18 cm −3 , however, neither the photomodulation-induced FPI nor the FKO is obvious, making deep-level related weak PR features well resolved. The PR features are fitted by derivative line shape function, except for the photomodulationinduced FPI and FKO ones, and the evolution of the critical energy with temperature is revealed. The mechanisms of particular PR features are inferred and the impurity levels are estimated to be about 17Ϯ 1 meV and 27Ϯ 3 meV below the conduction-band minimum for As Hg and Te Hg , and 14Ϯ 1 meV above the valence-band maximum for the first acceptor level of V Hg , respectively. Evidences for both the second acceptor level of mercury vacancy ͑V Hg II ͒ and the possible As tetramer are detected. An energy of about 69 meV above the valence-band maximum is supposed preliminarily for the V Hg II acceptor level and 42 meV below the conduction-band minimum for the As tetramer ͓͑As Hg -As i ͒ dimmer ͔ 3 at 77 K. The bandedge electronic structure is hence established for as-grown As-doped narrow-gap HgCdTe layers. A comparison of the temperature-dependent energies of the main PR features is made with the prediction of the band-gap energy by a widely used empirical formula, and the physical meaning of "effective band gap" is clarified for the empirical formula.
